The work deals with the thermodynamical aspects of the cosmic substratum which is dissipative in nature. For homogeneous and isotropic model of the Universe this dissipative phenomenon is effective bulk viscous pressure in nature and is related to the particle creation mechanism. Finally, the stability criteria for the thermal equilibrium has been analyzed and are presented in tabular form restricting the particle creation parameter or the variation of the equation of state parameter with the volume.
due to coupling of different matter components [13] [14] [15] [16] [17] or due to non-conservation of (quantum) particle number [18] [19] [20] . In the present work, second alternative for dissipative effect is considered and for simplicity only adiabatic particle production [21, 22] is taken into account. Also the entropy flow due to Israel-Stewart [10] is related to the cosmological (isentropic) particle production. Due to isentropic nature of the thermodynamical system the entropy per particle is constant but entropy production is caused by the enlargement of the phase space of the system i.e. expansion of the Universe.
An explicit thermodynamical analysis of the cosmic substratum with dissipative nature due to particle creation is presented and finally thermodynamical stability is shown for different situations. The paper is organized as follows : sect. 2 deals with basic equations for the particle creation mechanism. The thermodynamics of the cosmic dissipative fluid has been discussed in sect. 3. Finally, stability criteria has been examined and concluding remarks are presented in sect. 4.
BASIC EQUATIONS FOR THE PARTICLE CREATION MECHANISM
In the background of homogeneous and isotropic spatially flat FLRW model of the Universe, the Einstein field equations can be written as
where κ = 8ΠG is the Einstein's gravitational constant, H =ȧ a is the Hubble parameter, a(t) is the scale factor of the FLRW model and the cosmic fluid is characterized by the energy-momentum tensor :
Here ρ and p are the usual energy density and thermodynamic pressure of the cosmic fluid, the dissipative term Π is the bulk viscous pressure and u µ is the fluid particle four velocity vector. So the energy conservation relation T ν µ;ν = 0 takes the forṁ
where an overdot stands for differentiation with respect to the cosmic time 't'.
If the thermodynamical system is considered to be open so that fluid particles are not conserved
then non-equilibrium thermodynamics comes into picture and the dissipative term Π can be considered as effective bulk viscous pressure due to particle creation. In other words, the cosmic substratum may be chosen as perfect fluid with varying particle number. In the above, 'n' stands for the particle number density, θ = u µ ;µ is the fluid expansion, Γ is termed as the rate of change of the particle number in a co-moving volume V and notationally, we writeṅ = n ,µ u µ . In the system, there will be particle creation or annihilation depending on the sign of Γ to be positive or negative respectively.
The first law of thermodynamics
is essentially the conservation of internal energy E with dQ , the heat received by the system in time dt . Now writing n = N V and heat per unit particle dq = dQ N the above conservation equation (5) becomes the Gibb's equation
Here 's' stands for the entropy per particle, T is the temperature of the fluid, and it is to be noted that this equation also holds for the present open thermodynamical system. Also using the conservation equations (3) and (4) one gets the entropy variation from equation (6) as
Now assuming the present thermodynamical system to be adiabatic in nature so that the entropy per particle is constant (variable in non-isentropic process) and as a result the effective dissipative pressure is related to the particle creation rate by the relation [18, [23] [24] [25] [26] 
Thus in an adiabatic process, a perfect fluid with particle creation phenomena is equivalent to a dissipative fluid. Also in this system the entropy production is caused by the enlargement of the phase space (expansion of the Universe in the present model). Further, it is worthy to mention that the equivalent bulk pressure does not correspond to conventional non-equilibrium phase, rather a state having equilibrium properties as well (not the equilibrium era with Γ = 0). Now eliminating the dissipative pressure Π from the Einstein field equation (1) using the isentropic condition (8) one obtains the evolution equation as [24] [25] [26] 2Ḣ 3H 2 = (γ + 1)
where γ = p ρ is the equation of state parameter.
THERMODYNAMICS OF THE COSMIC DISSIPATIVE FLUID
The present section deals with the thermodynamics of the dissipative cosmic fluid (having energymomentum tensor (2)) in the background of flat FLRW space-time (for thermodynamics of dissipative fluid one may see references [27] [28] [29] [30] ). The internal energy of the cosmic fluid is described as
with co-moving volume V = a 3 (t)V 0 (suffix '0' stands for the present value and we choose a 0 = 1 by convention). Using Clausius relation the first law of thermodynamics (i.e. eq. (5)) can be rewritten as
where p = p + Π is the effective pressure.
If we assume that the Universe experiences a reversible adiabatic expansion then there will be no heat flow (i.e. dQ = 0) and as a result the above first law of thermodynamics (i.e. eq. (11)) gives the energy-momentum conservation relation (3). Choosing T and V to be the basic thermodynamical variables i.e. ρ = ρ(T, V ) the exact differential criteria for dS in equation (11) gives [13, 31] 
where
is the effective equation of state parameter for the dissipative fluid. Now using the energy conservation equation (3) one can rewrite equation (12) as
which on integration gives
or equivalently
This is the gas law for the dissipative cosmic substratum and it can be named modified ideal gas law.
We now introduce important thermodynamical parameters namely heat capacity parameters, thermal expansivity and compressibility. The fluid's heat capacity at constant pressure is defined as [32] 
is the enthalpy of the fluid. Using the above gas law (16) the explicit form of C p is
Similarly, using the gas law (16) and the integrability condition (12), the fluid's heat capacity at constant volume has the explicit expression
On the other hand, choosing p and T as the independent thermodynamic variables the variation of volume can be written as
is termed as thermal expansivity (at constant pressure) and
is known as isothermal compressibility (at constant temperature). Analogously, one can define the adiabatic compressibility κ s as (keeping entropy instead of temperature to be constant)
It should be noted that the ratio of the heat capacities is same as that of the compressibilities i.e. [33] κ
and is independent of the choice of the cosmic fluid.
From the above definitions of the thermodynamical parameters, it is easy to see that the isothermal compressibility and expansibility are related as [31] 
Now using the modified ideal gas equation (15) and the integrability condition (12) , α can have the explicit expression :
so that we have
and
where the identity (24) has been used in deriving equation (28) . Further, using the relation (20) among the heat capacities, the compressibility coefficients are related by the relation
4. STABILITY OF THE THERMODYNAMICAL SYSTEM AND CONCLUDING
REMARKS
Normally, in a thermodynamical system work is considered only due to the change in volume.
For such system the criteria for stable equilibrium is characterized by the positive definiteness of the second order variation of the internal energy i.e. [31, 33] 
Now choosing (T, V ) or (S, p) as the independent variables for the system the above second order variation can be written as
Hence for stability we must have
Using these inequalities to the explicit expressions (or relations) for the above thermodynamical parameter for the present dissipative cosmic fluid, the stability criteria for differential range of values of the equation of state parameter 'ω' are presented in the following tabular form : Restriction on γ / ω Constraint on the particle creation rate (Γ)
There is no constraint on particle annihilation if γ > 0 but if there is particle creation then for γ > 0 we have 0 < Γ < 3Hγ 1+γ . If γ < 0 then there should be only particle annihilation with restriction : |Γ| > 3H|γ| 1+γ
No particle annihilation is possible for γ > 0, rather the particle creation parameter is constraint by 3Hγ 1+γ < Γ < 3H. If γ < 0 there is no constraint for particle creation while for particle annihilation the parameter is constraint as |Γ| < 3H|γ| 1+γ
No particle annihilation. The particle creation parameter is restricted as
There is no constraint if there is particle annihilation. For particle creation the parameter is constraint as
The present work is an attempt to make thermodynamical analysis of the physical system describing the cosmic evolution having cosmic fluid in the form of perfect fluid with constant equation of state parameter in non-equilibrium thermodynamics with particle creation mechanism. It has been shown (in ref. [24] [25] [26] ) that particle creation mechanism has successfully described the entire cosmic evolution, so we have analyzed the stability of the system in the present work from the thermodynamical point of view and the stability conditions are presented in tabular form (see table 1 ). From the table it has been seen that cosmic fluid may be normal γ > − as well as on the particle creation rate for the stability of the system. Also except the 3rd case both annihilation and creation of particles are possible (constrainted or unconstrainted) while for the third choice destruction of particles is not permissible. In fact, the stability conditions restrict the evolution of the effective equation of state parameter with the evolution of the Universe. Further, it is found that if the cosmic fluid is vacuum energy or Γ = 3H then the effective fluid equation of state parameter is at the phantom barrier and stability analysis will not be possible. Thus from the point of view of thermal stability, the cosmic fluid may be of any nature (normal or exotic but not vacuum energy) to describe the cosmic evolution.
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